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
1RPHQFODWXUH
'&, 'XFWLOH&DVW,URQ

)RFXVLQJRQIHUULWLFSHDUOLWLF'&,VUHFHQWH[SHULPHQWDOUHVXOWVVKRZHGWKDWWKHJUDSKLWHHOHPHQWVDUHFKDUDFWHUL]HG
E\WKHSUHVHQFHRIDQLQWHUQDOPHFKDQLFDOSURSHUWLHVJUDGLHQW>@ZLWKDQRGXOH³FRUH´DQGDQRGXOH³VKLHOG´
 WKHQRGXOHFRUHREWDLQHGGLUHFWO\IURPWKHPHOWGXULQJWKHVROLGLILFDWLRQSURFHVVLVFKDUDFWHUL]HGE\ORZHU
QDQRKDUGQHVVYDOXHVDQGE\DORZHUZHDULQJUHVLVWDQFHLIFRPSDUHWRWKHQRGXOHVKLHOG
 WKH QRGXOH VKLHOG GXH WR D FDUERQ VROLG GLIIXVLRQPHFKDQLVP WKDW LV DFWLYH GXULQJ WKH FRROLQJSURFHVV LV
FKDUDFWHUL]HGE\KLJKHUQDQRKDUGQHVVYDOXHVDQGE\DKLJKHUZHDULQJUHVLVWDQFHLIFRPSDUHGWRWKHQRGXOH
FRUH
'XH WR WKH SUHVHQFH RI WKLV PHFKDQLFDO SURSHUWLHV JUDGLHQW FRQVLGHULQJ WHQVLOH VWUHVV WKH PDLQ GDPDJLQJ
PLFURPHFKDQLVPLQIHUULWLF'&,VLVWKHQXFOHDWLRQDQGJURZWKRIPLFURFUDFNVDWWKHLQWHUIDFHEHWZHHQWKHQRGXOHFRUH
DQGWKHQRGXOHVKLHOGREWDLQLQJDVRFDOOHG³RQLRQOLNH´GDPDJLQJ&RQVLGHULQJSHDUOLWLF'&,VWHQVLOHVWUHVVLPSOLHV
D ORFDOGDPDJLQJDW WKHLQWHUIDFHPDWUL[QRGXOHV WKHUHIRUH³FODVVLF´GHERQGLQJLVPRUHLPSRUWDQW LIFRPSDUHGWR
IHUULWLF'&,V&RQVLGHULQJIDWLJXHFUDFNSURSDJDWLRQFRQGLWLRQWKHPDWUL[QRGXOHVGHERQGLQJLVPRUHHYLGHQWERWKLQ
IHUULWLFDQGLQSHDUOLWLF'&,VDFUDFNWLSGDPDJHGSODVWLF]RQHZHOOUHSUHVHQWVWKHGDPDJLQJVLWXDWLRQDWWKHFUDFNWLS
7KLVLVPRUHHYLGHQWDIWHURYHUORDGVZLWKWKHLQFUHDVHRIWKHDSSOLHGVWUHVVLQWHQVLW\IDFWRU.,WKDWLPSOLHV
DQLQFUHDVHRIWKHHYLGHQFHRIWKHFUDFNWLSSODVWLFLW\ZLWKVOLSEDQGVWKDWHPDQDWHIURPWKHFUDFNWLSDQGEHWZHHQ
JUDSKLWHQRGXOHV
DQLQFUHDVHRIWKHGDPDJLQJOHYHOZLWKPLFURFUDFNVWKDWLQLWLDWHERWKDWWKHLQWHUIDFHEHWZHHQJUDSKLWHQRGXOHV
DQGPDWUL[GHERQGLQJDQGLQWKHPDWUL[7KHPDLQGLIIHUHQFHEHWZHHQIHUULWLFDQGSHDUOLWLFPDWUL[FRQVLVWVLQWKH
PDFURFUDFNEHKDYLRUZLWKWKHIHUULWLF'&,WKDWLVPDLQO\FKDUDFWHUL]HGE\DFUDFNWLSEOXQWLQJDQGWKHSHDUOLWLF'&,
WKDWLVPDLQO\FKDUDFWHUL]HGE\VWDEOHFUDFNSURSDJDWLRQ
&RQVLGHULQJ WKH IDWLJXH GDPDJLQJ LQLWLDWLRQPHFKDQLVP LQ D IHUULWLF '&, >@ LW ZDV RIWHQ REVHUYHG D VRUW RI
GHERQGLQJ RI WKH JUDSKLWH FRUH REWDLQHG GXULQJ VROLGLILFDWLRQ ERWK GLUHFWO\ IURP WKH PHOW DQG GXULQJ HXWHFWLF
VROLGLILFDWLRQZLWK UHVSHFW WR WKHJUDSKLWHVKHOOREWDLQHGGXULQJFRROLQJGXH WR&VROXELOLW\GHFUHDVH LQDXVWHQLWH
JUDLQV0LFURFUDFNVLQWKHQRGXOHFHQWHUZHUHRQO\VHOGRPREVHUYHG)LJ
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
)LJ(1*-6'&,VPD[ 03DDQGVPLQ 03D6(0LQVLWXVXUIDFHDQDO\VLVFRUUHVSRQGLQJWRWKHIROORZLQJORDGLQJF\FOHV
DEFGHIF\FOHVDUURZVVKRZWKHORDGLQJGLUHFWLRQ>@
467 Vittorio Di Cocco and Francesco Iacoviello /  Procedia Engineering  109 ( 2015 )  465 – 472 
&RQVLGHULQJWULD[LDOLW\LQIOXHQFHRQWKHGDPDJLQJPLFURPHFKDQLVPVLQSHDUOLWLF'&,V>@LWZDVREVHUYHGWKDW
QRGXOH±PDWUL[GHERQGLQJLVPRUHLPSRUWDQWIRUKLJKHUWULD[LDOLW\YDOXHVPHDQZKLOHORZHUWULD[LDOLW\YDOXHVLPSO\D
GDPDJHWKDWLVPDLQO\GHYHORSHGDORQJWKHORDGLQJGLUHFWLRQLQDGGLWLRQVOLSEDQGVEHFRPHPRUHDQGPRUHLPSRUWDQW
ZLWKWKHPDFURVFRSLFGHIRUPDWLRQDQGWKHLQWHUIDFHVEHWZHHQQRGXOHVDQGPDWUL[DUHWKHLQLWLDWLRQVLWHVRIVKRUWFUDFNV
WKDWSURSDJDWHLQWKHPDWUL[)LJ
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
)LJ(1*-6GXFWLOHFDVWLURQ'LJLWDO0LFURVFRSHLQVLWXODWHUDOVXUIDFHDQDO\VLVSHUIRUPHGRQQRWFKHGVSHFLPHQDHEODFNDUURZV
VKRZWKHORDGLQJGLUHFWLRQ'LDJUDP7ULD[LDOLW\)DFWRU&URVVKHDGGLVSODFHPHQWHYROXWLRQ

,QWKLVZRUNIDWLJXHLQLWLDWLRQPHFKDQLVPVZHUHLQYHVWLJDWHG1RWFKHGPLFURWHQVLOHVSHFLPHQVRIDIXOO\SHDUOLWLF
'&,ZHUHFRQVLGHUHGDQGVWHSE\VWHSIDWLJXHWHVWVZHUHSHUIRUPHG6SHFLPHQVODWHUDOVXUIDFHVZHUHREVHUYHGLQVLWX
E\PHDQVRIDVFDQQLQJHOHFWURQPLFURVFRSH6(0DQGD'LJLWDO0LFURVFRSH'0
,QYHVWLJDWHGPDWHULDODQGH[SHULPHQWDOSURFHGXUH
$QDVFDVWSHDUOLWLF(1*-6'&,FKDUDFWHUL]HGE\DKLJKJUDSKLWHHOHPHQWVQRGXODULW\ZDVLQYHVWLJDWHG
FKHPLFDOFRPSRVLWLRQLVVKRZQLQ7DEOH1RWFKHGPLFURWHQVLOHVSHFLPHQVZHUHFRQVLGHUHG)LJ
7DEOH,QYHVWLJDWHGIHUULWLF'&,FKHPLFDOFRPSRVLWLRQ
& 6L 0Q 6 3 &X &U 0J 6Q
        

6SHFLPHQVZHUHJURXQGDQGSROLVKHGDQGIDWLJXHORDGHGE\PHDQVRIDQK\GUDXOLFWHVWLQJPDFKLQH6(0DQG'0
REVHUYDWLRQVRIWKHVSHFLPHQODWHUDOVXUIDFHZHUHSHUIRUPHGGXULQJWKHWHVWDFFRUGLQJWRDVWHSE\VWHSSURFHGXUH
7KUHHIDWLJXHWHVWVZHUHSHUIRUPHGXQGHUORDGFRQWUROFRQGLWLRQVZLWKDORDGLQJIUHTXHQF\RI+]D3PD[RI
1DQGDVWUHVVUDWLRHTXDOVWRODEFRQGLWLRQV
,QRUGHU WR HYDOXDWHERWK WKH9RQ0LVHV6WUHVV DQG WKH7UL[LDOLW\SDUDPHWHU D IXOO\ VKDSH'VSHFLPHQKDVEHHQ
PRGHOHGLQDFRPPHUFLDO)(0FRGH$QHODVWLFSODVWLFPRGHOZLWKDQLVRWURSLFKDUGHQLQJIXQFWLRQIRUPXODWLRQKDV
EHHQDGRSWHGZKLFKSDUDPHWHUVDUHVKRZQLQ7DEOH
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
)LJ1RWFKHGLQYHVWLJDWHGVSHFLPHQ

 7DEOH$GRSWHGSDUDPHWHUVIRUWKHHODVWLFSODVWLFPRGHO

<RXQJ¶VPRGXOXV>*3D@ 3RLVVRQ¶VUDWLR <LHOG6WUHVV>03D@ +DUGHQLQJIXQFWLRQ>*3D@
   &RQVW 

7KHVLPXODWLRQLVSHUIRUPHGDSSO\LQJDQH[WHUQDOORDGRI1FRUUHVSRQGLQJWRWKHPD[LPXPORDGDSSOLHGGXULQJ
WKHIDWLJXHLQYHVWLJDWLRQ
,Q)LJDDQGEWKHILHOGRI7ULD[LDOLW\DQGWKHYRQ0LVHV6WUHVVDUHVKRZQ)RFXVLQJWKHQRWFKHGUHJLRQWKHPD[LPXP
WULD[LDOLW\YDOXHLVREWDLQHGLQWKHQRWFKFHQWHUEXWWKHPD[LPXPYRQ0LVHVVWUHVVFRUUHVSRQGVWRWKHQRWFKERXQGDU\

D E

)LJD7ULD[LDOLW\E9RQ0LVHVVWUHVV>03D@

6WUHVV WULD[LDOLW\ SDUDPHWHU LV GHILQHG DV K\GURVWDWLF VWUHVV DQG HTXLYDOHQW YRQ 0LVHV VWUHVV UDWLR 7KH DGRSWHG
WULD[LDOLW\SDUDPHWHUWDNHVLQWRDFFRXQWD'IRUPXODWLRQERWKRIK\GURVWDWLFDQGRIYRQ0LVHVVWUHVVHVLQWKHSULQFLSDO
FRRUGLQDWHV\VWHPDVVKRZQLQ

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
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7KHLQYHVWLJDWHGJUDSKLWHQRGXOHVSRVLWLRQVDUHVKRZQLQ)LJZKHUHERWKORFDOYDOXHVRIYRQ0LVHV6WUHVVDQG
WULD[LDOLW\SDUDPHWHUDUHVKRZQ

1RGXOH    
3RVLWLRQ
 
9RQ0LVHV
6WUHVV>03D@ 512 488 451 459

7ULD[

0.3709 0.4086 0.4429 0.4353
    
1RGXOH    
3RVLWLRQ
 
9RQ0LVHV
6WUHVV>03D@ 508 495 430 418

7ULD[

0.4084 0.3139 0.2759 0.2967

)LJ,QYHVWLJDWHGSRLQWVZLWKWKHFRUUHVSRQGLQJ7ULD[LDOLW\DQG9RQ0LVHVVWUHVV>03D@YDOXHV

([SHULPHQWDOUHVXOWVDQGGLVFXVVLRQ
&RQVLGHULQJWKHQRWFK]RQHSRLQWVDQG)LJDUHFKDUDFWHUL]HGE\WKHPRUH³H[WUHPH´FRQGLWLRQV
 3RLQWKLJKHU9RQ0LVHVVWUHVVYDOXHDQGORZHU7ULD[LDOLW\YDOXH
 3RLQWORZHU9RQ0LVHVVWUHVVYDOXHDQGKLJKHU7ULD[LDOLW\YDOXH
$FFRUGLQJWRWKH6(0DQGWKH'0REVHUYDWLRQVSRLQWLVFKDUDFWHUL]HGE\WKHSUHVHQFHRIVOLSEDQGVWKDWHPDQDWH
FRUUHVSRQGLQJWRWKHJUDSKLWHQRGXOH±PDWUL[LQWHUIDFHQHDUWKHHTXDWRULDO]RQH)LJ7KHVHVOLSEDQGVEHFRPH
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PRUHDQGPRUHHYLGHQWZLWKWKHLQFUHDVHRIWKHIDWLJXHF\FOHVQXPEHUZLWKDFRQVHTXHQWFUDFNLQLWLDWLRQ,QVWHDG
FRQVLGHULQJSRLQWQRGDPDJHHYROXWLRQLVREVHUYHGE\PHDQVRIWKH6(0REVHUYDWLRQV7KLVGDPDJHHYROXWLRQZLWK
WKH9RQ0LVHVVWUHVVYDOXHDQGWKH7ULD[LDOLW\YDOXHLVDOVRFRQILUPHGE\WKH'0REVHUYDWLRQV,Q)LJLWLVVKRZQ
WKHVSHFLPHQODWHUDOVXUIDFHDIWHUF\FOHVLQWKHQRWFK]RQHWKHSUHVHQFHRIVOLSEDQGVHPDQDWLQJIURPWKHJUDSKLWH
QRGXOHVDQGDOVR WKH LQLWLDWLRQRIVKRUWFUDFNV LVFRQILUPHGFRUUHVSRQGLQJ WR WKHKLJKHU9RQ0LVHVVWUHVVYDOXHV
]RQHV









)LJ)DWLJXHGDPDJHHYROXWLRQLQSRLQW)LJDF\FOHEF\FOHVFF\FOHVQHDUILQDOUXSWXUH









)LJ)DWLJXHGDPDJHHYROXWLRQLQSRLQW)LJDF\FOHEF\FOHVFF\FOHVQHDUILQDOUXSWXUH










)LJ)DWLJXHGDPDJHHYROXWLRQLQWKHVSHFLPHQQRWFKF\FOHV


,WLVZRUWKWRQRWHWKDW'0REVHUYDWLRQVDOORZWRLGHQWLI\DIXUWKHUGDPDJHHYROXWLRQDOVRDWWKHJUDSKLWHQRGXOH±
SHDUOLWLFPDWUL[LQWHUIDFHGHERQGLQJ,QDGGLWLRQVRPHVKRUWFUDFNVDUHDOVRVHOGRPREVHUYHGLQVLGHWKHJUDSKLWH
QRGXOHV)LJ*UDSKLWHQRGXOH±SHDUOLWLFPDWUL[GHERQGLQJLVREWDLQHGLQDOOWKHSRLQWVIURPWR,QVWHDGSRLQWV
DQGFKDUDFWHUL]HGE\WKHORZHVW9RQ0LVHVVWUHVVDQG7ULD[LDOLW\YDOXHVVKRZRQO\DSDUWLDOGHERQGLQJ7KLV
UHVXOWVHHPVWREHLQJRRGDJUHHPHQWZLWKWKHGDPDJLQJPLFURPHFKDQLVPVREVHUYHGGXULQJDWHQVLOHWHVWSHUIRUPHG
RQWKHVDPH'&,DQGWKHVDPHVSHFLPHQVKDSH>@
&RQFOXVLRQV
,Q WKLVZRUN WKH IDWLJXH LQLWLDWLRQPLFURPHFKDQLVPV LQ DSHDUOLWLF'&,KDYHEHHQ LQYHVWLJDWHG FRQVLGHULQJ WKH
LQIOXHQFHERWKRIWKHYRQ0LVHVVWUHVVYDOXHVDQGRIWKH7ULD[LDOLW\$FFRUGLQJWRWKHREWDLQHGH[SHULPHQWDOUHVXOWV
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DQGFRQVLGHULQJWKHVWUHVVGLVWULEXWLRQLQWKHLQYHVWLJDWHGQRWFKHGVSHFLPHQLWLVSRVVLEOHWRVXPPDUL]HWKHIROORZLQJ
UHVXOWV
 ,Q SHDUOLWLF '&,V KLJKHU WULD[LDOLW\ OHYHO LPSOLHV WKH DFWLYDWLRQ RI WKH SHDUOLWLF PDWUL[ ± JUDSKLWH QRGXOH
GHERQGLQJFRQVLGHULQJERWKTXDVLVWDWLFDQGF\FOLFORDGLQJFRQGLWLRQV
 +LJKHUYRQ0LVHVVWUHVVYDOXHVLPSOLHVWKHHPDQDWLRQRIVOLSEDQGVDWWKHLQWHUIDFHEHWZHHQJUDSKLWHQRGXOHV
DQGSHDUOLWLFPDWUL[ZLWKDFRQVHTXHQFHFUDFNVLQLWLDWLRQDQGSURSDJDWLRQ
 &UDFNVDOVRLQLWLDWHRQWKHVSHFLPHQVXUIDFHFRUUHVSRQGLQJWRWRROLQJGHIHFWV7KHILQDOUXSWXUHLVREWDLQHG
GXHWRWKHFRDOHVFHQFHRIPLFURFUDFNV
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3DUW,'DPDJH&KDUDFWHUL]DWLRQDQG3ODVWLF
)ORZ6WUHVV0RGHOLQJ0HWDOOXUJLFDODQG0DWHULDOV7UDQVDFWLRQ$±
>@&*XLOOHUPHU1HHO;)HDXJDV0&ODYHO0HFKDQLFDOEHKDYLRUDQGGDPDJHNLQHWLFVLQQRGXODUFDVWLURQSDUW,'DPDJHPHFKDQLVP0HWDOO
DQG0DWHU7UDQV$$±
>@-+/LX*//L;<+DR'%=HQJ=+6XQ8OWUDVRQLFPHDVXUHPHQWRIIDWLJXHGDPDJHRIQRGXODUFDVWLURQ0DWHU/HWW±

>@5&9RLJW/0(OGRN\+6&KLRX)UDFWXUHRIGXFWLOHFDVWLURQVZLWKGXDOPDWUL[VWUXFWXUH$)67UDQV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
>@9'L&RFFR),DFRYLHOOR0&DYDOOLQL'DPDJLQJPLFURPHFKDQLVPVFKDUDFWHUL]DWLRQRIDIHUULWLFGXFWLOHFDVWLURQ(QJ)UDFW0HFK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
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±
>@9'L&RFFR),DFRYLHOOR$5RVVL',DFRYLHOOR0DFURDQGPLFURVFRSLFDODSSURDFKWRWKHGDPDJLQJPLFURPHFKDQLVPVDQDO\VLVLQDIHUULWLF
GXFWLOHFDVWLURQ7KHRU$SSO)UDFW0HFK±
>@9'L&RFFR),DFRYLHOOR$5RVVL'DPDJLQJPLFURPHFKDQLVPVFKDUDFWHUL]DWLRQLQDIHUULWLFSHDUOLWLFGXFWLOHFDVWLURQ)UDWHG,QWHJULWj
6WUXWW±
472   Vittorio Di Cocco and Francesco Iacoviello /  Procedia Engineering  109 ( 2015 )  465 – 472 
>@9'L&RFFR ) ,DFRYLHOOR $ 5RVVL ) (FDUOD0HFKDQLFDO SURSHUWLHV JUDGLHQW LQ JUDSKLWH QRGXOHV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>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WK,QWHUQDWLRQDO&RQIHUHQFH
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